The Melatonin Osteoporosis Prevention Study (MOPS) demonstrated that nightly melatonin resulted in a time-dependent decrease in equilibrium ratios of serum osteoclasts and osteoblasts in perimenopausal women. This study examines mechanisms related to the ratios of osteoblasts and osteoclasts using coculture models (transwell or layered) of human mesenchymal stem cell (MSC) and human peripheral blood monocytes (PBMCs). Human MSC/PBMC cocultures exposed to melatonin in osteogenic (OS+) medium for 21 days induced osteoblast differentiation and mineralization; however, only in layered cocultures did melatonin inhibit osteoclastogenesis. Melatonin effects were mediated through MT2 melatonin receptors, MEK1/2, and MEK5. In layered but not transwell cocultures, melatonin increased OPG:RANKL ratios by inhibiting RANKL, suggesting that contact with osteoclasts during osteoblastogenesis inhibits RANKL secretion. Melatonin modulated expression of ERK1/2, ERK5, β1 integrin, GLUT4, and IRβ that was dependent upon the type of coculture; however, in both cultures, melatonin increased RUNX2 and decreased PPARγ expression, indicating a role for metabolic processes that control osteogenic vs adipogenic cell fates of MSCs. Furthermore, melatonin also has osteoblast-inducing effects on human adipose-derived MSCs. In vivo, one-year nightly melatonin (15 mg/L) given to neu female mice in their drinking water increased pErk1/2, pErk5, Runx2, and Opg and Rankl levels in bone consistent with melatonin's already reported bone-enhancing effects. Finally, analysis of daily logs from the MOPS demonstrated a significant improvement in mood and perhaps sleep quality in women receiving melatonin vs placebo. The osteoblast-inducing, boneenhancing effects of melatonin and improvement in quality of life suggest that melatonin is a safe and effective bone loss therapy.
| BACKGROUND
Vertebrates have a unique skeletal system where each of the 206 bones undergoes bone remodeling throughout the course of one's life via a tightly coupled osteoblast-osteoclast bone remodeling process. Coordinated bone remodeling is to maintain good bone density and bone quality allowing bone to carry mechanical load and resist fracture. 1 Communication between osteoclasts and osteoblasts is essential to preserve bone remodeling as well as bone quality. [2] [3] [4] Latent bonelining osteoblast precursors, including mesenchymal stem cells (MSCs), are activated in response to various stimuli including mechanical load changes causing bone marrow stromal cells and pre-osteoblasts to increase surface expression of receptor activator of nuclear factor κB ligand (RANKL) and macrophage colony-stimulating factor (M-CSF). Immature progenitors, such as mononuclear cells, released into the circulation begin fusion with other monocytes eventually forming mature multinucleated osteoclasts in response to RANKL and M-CSF. Following osteoclast-mediated bone resorption through the secretion of tartrate-resistant acid phosphatase (TRAP) and cathepsin K, osteoblast-mediated bone formation begins initiated by the release of osteoprotegerin (OPG) from osteoblasts to inhibit osteoclastogenesis through OPG-RANKL binding; the OPG/RANKL ratio is a critical transition point for bone cell activity. Likewise, osteoclasts can regulate osteoblast function through membrane-bound and secreted factors released within the matrix. 3 A disruption in the bone remodeling process resulting in increases in boneresorbing osteoclastic activity can lead to osteopenia, osteoporosis, and/or fragility fractures. 1, [5] [6] [7] [8] [9] In the geriatric population, increases in the prevalence of osteopenia, osteoporosis, as well as fracture-related morbidity and mortality are occurring despite the abundance of efficacious osteoporosis drugs. 10 The lack of efficacy may be due to the fact that many of the osteoporosis therapies target osteoclasts only preventing further bone loss rather than inducing new bone formation. 11 Another issue may be due to lack patient compliance due to adverse drug reactions. 12 These findings underscore the importance of developing safe osteoporosis therapies targeted at both osteoclasts and osteoblasts to prevent further bone loss, induce bone growth, but also that have minimal adverse effects to improve patient compliance.
A decrease in the nocturnal production of melatonin through aging or by light exposure at night has been associated with increased risk of osteoporosis. [13] [14] [15] [16] The Melatonin
Osteoporosis Prevention Study (MOPS) demonstrated that nightly 3 mg melatonin treatment for 6 mos renormalized bone marker turnover status and improved the physical symptoms of menopause in healthy perimenopausal women. 17 These effects of melatonin on bone marker turnover were further supported in the MelaOst trial demonstrating a significant improvement in bone mineral density (BMD) in postmenopausal women with osteopenia following nightly melatonin (3 mg po) for one year. 18 In the MelaOst trial, the authors concluded that the melatonin-mediated increases in bone density may be due to increases in bone mineralization as calcium excretion in the group taking melatonin decreased compared to placebo. In the MOPS, melatonin renormalized bone marker turnover no matter what the woman's osteoblast:osteoclast ratios were at the outset of the study (ie, low osteoblast/normal osteoclast levels; normal osteoblast/high osteoclast levels; low osteoblast/high osteoclast levels). These findings suggest that melatonin is modulating both osteoblasts and osteoclasts to renormalize bone marker turnover. Melatonin's favorable effects on bone density via stimulatory effects on osteoblasts and inhibitory effects on osteoclasts have been reported in myriad studies. 16, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Specifically, melatonin promotes osteogenesis through a variety of mechanisms that include enhancing the proliferation 24, 25 or differentiation 20, 29 of osteoblasts. Melatonin induces osteoblast differentiation from hMSCs and preosteoblast cells [19] [20] [21] [22] [23] 29 through an activation of MEK/ERK1/2, RUNX-2, OCN, bone morphogenetic protein-2 (BMP-2), BMP-4, and Wnt signal transduction pathways. 19, 21, 23, 29 These findings in vitro correlate with in vivo studies reporting that exogenous administration of melatonin enhances bone cell proliferation, 24 increases bone mass, 16, 26 and induces new bone growth 27, 28 in rodent models. Melatonin also produces inhibitory effects on osteoclasts 26, 30 ; however, how this occurs is not known.
Melatonin effects in combination with other bone-preserving agents have also demonstrated a benefit on bone health. [31] [32] [33] [34] This study extends the findings of the MOPS with a focus on identifying if and how osteoblasts modulate osteoclast activity using a novel coculture model system consisting of MSCs and human peripheral blood monocytes (PBMCs) grown as transwell (indirect) or layered (direct) cocultures to mimic the different ways osteoblasts and osteoclasts interact and communicate in vivo. Melatonin effects on signaling proteins involved in osteoblastogenesis and osteoclastogenesis were also assessed in mouse tibia taken from HER2/neu female mice exposed to nightly melatonin (equivalent to ~5 mg daily melatonin in humans) for one year to confirm the mechanistic findings from the in vitro coculture studies and to identify potential mechanisms underlying the melatoninmediated increases in bone density already reported in these mice. 16 This study also extends the findings of the MOPS, which demonstrated that perimenopausal women taking melatonin had a decrease in the frequency of menstrual bleeding and had an improvement in the physical symptoms of menopause as measured using MENQOL. 17 Because the physical domain of the MENQOL measures 19 different variables, including mood, lack of stamina, lack of energy, feeling tired or worn out, and sleep quality, and produces an overall score, it was not possible to identify, specifically, which of the physical symptoms melatonin improved upon. Significant relationships between depression, bone mineral density, and cortisol levels have been reported, 35, 36 and so any improvement in any of these variables could also contribute to melatonin's beneficial effects on bone. Therefore, the daily diary logs kept by the MOPS cohort were further analyzed to provide additional data to explain melatonin's beneficial actions (eg, lifestyle, mood, sleep) on bone as described in other studies.
37-41
We present our findings from this study-from in vitro to preclinical to clinical-provide novel mechanistic data to explain the bone density increases induced by melatonin exposure in vivo through its effects on osteoblasts and osteoclasts and show improvements in QOL in a geriatric population with the hopes of advancing the clinical use of melatonin to prevent and treat bone loss.
| MATERIALS AND METHODS

| In vitro bone cell cocultures and treatments
Human adult mesenchymal stem cells (MSCs) (Lonza, Walkersville, MD, USA) and PBMCs were used to develop this coculture model system as described previously. 42 Mesenchymal stem cells and monocytes, very immature states of osteoblasts and osteoclasts, were used experimentally because the goals of the study were to assess melatonin's effects on osteoblastogenesis and osteoclastogenesis, respectively. Briefly, MSCs were maintained, grown, and passaged at 80% confluence in mesenchymal stem basal cell growth medium (Os−) (Lonza, MD, USA) at 37°C, 5% CO2, and 90% humidity. Cells were seeded (at passage [3] [4] [5] 
| Osteoclast differentiation and activity
To evaluate osteoclast activity in response to treatments, tartrate-resistant acid phosphatase (TRAP) expression was measured on day 21 in the top chamber of the transwell coculture or on the whole 6-well plate of the layered coculture using a modified protocol described by Janckila et al, 46 Briefly, cell lysates were prepared by scraping cells into TRAP buffer (1 mL/well). TRAP buffer contained 2.5 mmol/L naphthol ASBI phosphate (N-ASBI-P), 1% ethylene glycol monomethyl ether (EGME), 2% NP40, 100 mmol/L Na-acetate, and 50 mmol/L Na-tartrate with pH adjusted at 5.5-6.1. Cells were then incubated at 37°C for 30 minutes using 2.5 mL 0.1 mol/L NaOH containing 0.05% NP-40 to terminate the reaction. Fluorescence readings were then taken using a Perkin-Elmer Victor 1420 Multilabel plate reader at 405-nm excitation and 515-nm emission. Data were normalized against (Os−) treated cultures and then compared between groups. Qualitative TRAP analysis was performed using the Acid Phosphatase, Leukocyte assay kit according to manufacturer's instructions (Sigma, USA). Following the counterstaining of the cells with hematoxylin and then a rinse in alkaline tap water to visualize the blue nuclei, images were then captured using a VistaVision microscope (VWR international) with progress C3 camera (Jenoptik) under gray setting. 
| Radioligand binding assay
| Enzyme-linked immunosorbent assay (ELISA)
The concentration of osteoprotegerin (OPG) and receptor activator of nuclear factor kappa B ligand (RANKL) secreted by osteoblasts into the culture media was measured using 
| Mouse bone lysate preparation
All animal work was approved and conducted according to the IACUC guidelines at Duquesne University. Bone tissue lysates were prepared from MMTV-neu transgenic mice treated for one year with nightly melatonin (15 mg/ mL given in the drinking water) as described previously by Witt-Enderby et al 16 Following euthanasia, mouse tibias were collected, snap-frozen immediately in liquid nitrogen, and stored at −80°C until use. Bones were stripped of muscle and then pulverized mechanically into a powder using a mortar and pestle under liquid nitrogen. Samples were then scraped into 2 mL of cell lysis buffer [2% SDS, 2 mol/L urea, 10% glycerol, 10 mmol/L Tris-HCl (pH 6.8), 10 mmol/L DTT, and 1 mmol/L PMSF)] and homogenized using a Tissue Tearor™, where the suspension was subjected to three 10-seconds bursts on ice. Samples were centrifuged at 15 000 g, and the supernatant was stored at −20°C until use. 
| SDS-PAGE
| Isolation and culture of adiposederived mesenchymal stem cells (ASCs)
Adipose-derived mesenchymal stem cells (ASCs) were isolated from human adipose tissues obtained after informed donor consent and with approval from the Mayo Clinic Institutional Review Board (IRB), as previously described. 48, 49 Briefly, adipose tissue was digested with 0.075% collagenase type I (Worthington Biochemicals, Lakewood, NJ, USA) for 90 minutes at 37°C, and adipocytes removed from the stromal vascular fraction by low-speed centrifugation at 400 g for 5 minutes. The resulting cell pellet was washed with PBS followed by sieving through 70-μm and 40-μm cell strainers (BD Biosciences, San Jose, CA, USA). The cell suspension was seeded at densities of 1.0-2.5 × 10 3 cells/cm 2 in T-175 flasks using maintenance media (Advanced MEM) with 5% platelet lysate, PLTMax (MillCreek LifeSciences, USA), 2 U/mL heparin (Novaplus, USA), 2 mmol/L L-glutamine (Invitrogen, Waltham, MA, USA), and antibiotics (100 U/ mL penicillin, 100 g/mL streptomycin, Sigma, St Louis, MO, USA) and incubated in standard culture conditions of 37°C and 5% CO 2 .
| Osteogenic differentiation of ASCs
Adipose-derived MSCs (ASCs) from passage 7 were seeded at a density of 5000 cells/cm 2 on 6-well culture plates and allowed to adhere overnight. The following day, media were changed to either basal media (Os−) or osteogenic media (Os+) containing either vehicle (0.001% ethanol), melatonin (50 nmol/L; Sigma, USA), or 4P-PDOT (1 μmol/L; Tocris Bioscience, Minneapolis, MN, USA), or a combination of each. Cells were then maintained for up to a maximum of 8 days with a media change occurred every 3-4 days. Mineralization was detected on day 8 posttreatment where the media were removed and ASCs were washed twice with PBS. DNA content per well was quantified using Hoechst dye at a concentration of 0.5 μg/mL, and fluorescence was measured at 490 nm using Infinite 
| Binding assays of ASCs
| Melatonin effects on general wellbeing in healthy perimenopausal women
The effect of melatonin on the general well-being was measured via retrospective analysis of the Melatonin Osteoporosis Prevention Study (MOPS) conducted by Kotlarczyk et al 17 Briefly, a total of 18 perimenopausal women were randomized to receive either 3 mg of melatonin (n = 13) or placebo (n = 5) p.o. nightly for six months. To measure the effect of melatonin treatment on general well-being, participants were given a daily diary to record their sleep duration and quality and then were provided an opportunity to write down any other comments they felt pertinent to record. Based on the diary comments written down by the participants in the MOPs, four general categories emerged as being described the most: mood, sleep quality, menopause symptoms, and GI/joint pain. Comments under each category were then substratified into positive and negative comments, where positive comments indicated improvement in physical condition or any positive feeling, and negative comments indicated worsening of any existing condition or emerging of a new problem, as well as negative feelings. Positive and negative comments under each category were then taken as a percentage of the total comments made and then compared within and between groups. Results were reported as the percent of total comments made under each category by each group throughout the study.
| Statistics
For in vitro assays, all data were normalized against basal media (Os−) containing either Mel, vehicle, or inhibitors. Data analysis was performed using one-way ANOVA followed by Bonferroni's post hoc multiple comparison t test with significance defined as P < .05. Diary comments for general well-being were analyzed using two-tailed Fisher's exact test for two categorical outcomes following intention to treat principle. All statistical testing was carried out using JMP versions 12 (SAS Institute Inc., Cary, NC, USA) and GraphPad Prism version 6 (GraphPad Software, San Diego, CA, USA) for Macintosh. osteoclasts following transwell osteoblast exposure to melatonin alone or in combination with 4P-PDOT, PD98059, BIX02189, or SC-1-151. Although Os+-stimulated osteoblastogenesis induced osteoclastogenesis and that melatonin induced osteoblastogenesis even further, this did not translate to changes in osteoclastogenesis. Melatonin combined with these inhibitors did not have any effect on osteoclast differentiation of PBMCs; however, BIX02189 alone inhibited osteoclast differentiation (P < .01; Figure 1B ) consistent with its role in osteoclastogenesis. 50 In the layered coculture, melatonin induced osteoblast mineralization (P < .001 vs Os+/Veh; Figure 2A ) and decreased TRAP expression (P < .001 vs Os+/Veh; Figure 2B ). MSCs (range 100 fmol/mg protein-2.5 pmol/mg protein) and PBMCs (range 100 fmol/mg protein-1pmol/mg protein) cocultures grown in transwells, indicating the presence of melatonin receptors in both osteoblasts and osteoclasts. Oneway ANOVA did not reveal significant differences between the groups; however, when transwell osteoblasts exposed to OS−/Veh were compared to OS+/Veh by unpaired onetailed t test, significance (P = .04) was obtained but when compared by unpaired two-tailed t test, a trend (P = .09) was noted. When transwell osteoblasts exposed to OS−/Veh were compared to OS+/Mel by unpaired one-tailed t test, a trend (P = .07) was observed; however, unpaired two-tailed t test resulted in a P-value of .14 (not significant). For the transwell osteoclasts, comparison between OS−/Veh and OS+/Veh by unpaired one-tailed t test (P = .42) and unpaired two-tailed t test (P = .85) revealed no significance. When transwell osteoclasts exposed to OS−/Veh were compared to OS+/ Mel by unpaired one-tailed t test, a trend (P = .04) was observed; however, unpaired two-tailed t test resulted in a trend (P = .08). Figure 4 illustrates the expression of OPG in transwell osteoblasts (detected by western blot) and the secretion of OPG (sOPG) and RANKL (sRANKL) into the culture medium in response to melatonin (detected by ELISA). Similar expressions of OPG and secreted OPG and RANKL in layered coculture and hMSC monoculture are shown in Tables 1 and  2 , respectively. As shown in Figure 4A and Table 1 , melatonin did not induce transwell osteoblastic OPG expression, but a trend (P = .0505) toward an increase in OPG expression was observed in layered osteoblasts treated with osteogenic medium and melatonin (Os+/Mel). In MSCs grown as monocultures (ie, in the absence of PBMCs), the addition of melatonin to osteogenic medium (Os+/Mel) significantly increased OPG expression in osteoblasts (P < .05 vs Os−/ Mel; Table 2 ). Secreted OPG and RANKL levels were also measured in culture media as this is one of the modes of communication between osteoblasts and osteoclasts to regulate their activity. No melatonin effects on sOPG, or the ratio of sOPG:sRANKL levels, occurred in transwell osteoblasts ( Figure 4B) ; however, melatonin increased sOPG:sRANKL ratios in layered osteoblasts (P < .05 vs Os+/Veh) via decreases in sRANKL ( Table 1 ). The addition of melatonin to the osteogenic medium (Os+/Mel) increased sOPG:sRANKL ratios in hMSCs monoculture (P < .05 vs Os+/Veh) most probably by decreasing sRANKL levels ( Table 2 ).
| Treatment effects on melatonin receptor binding undifferentiated and mature osteoblasts and osteoclasts
| Treatment effects on osteoprotegerin and RANKL expressed or secreted from osteoblasts
| Role of MT2 melatonin receptors, MEK1/2, and/or MEK5 on melatonin-mediated modulation of pERK1/2 in cocultures
Past studies have demonstrated that ERK1/2 is associated with an increase in cellular differentiation [51] [52] [53] and melatonin-mediated osteoblast differentiation. 20, 21 These past studies as well as the findings from Figure 1 where melatonin-mediated osteoblast differentiation and activity were inhibited in the presence of MEK1/2 inhibitors prompted the evaluation of these proteins in this coculture system. As shown in Figure 5A , transwell osteoblasts exposed to osteogenic medium (Os+) containing melatonin had significant increases in pERK1/2 expression ( Figure 9A ) compared to control. Both the MT2 melatonin receptor antagonist 4P-PDOT and the MEK1/2 inhibitor PD98059 but not the MEK5 inhibitor BIX02189, or the dual MEK1/2 and 5 inhibitor SC-1-151, increased phospho-ERK1/2 expression (4P-PDOT: P < .0001; PD98059: P < .01). Cotreatment of 4P-PDOT and PD98059 with melatonin decreased pERK1/2; no effect of melatonin was observed when coadministered with BIX02189 or SC-1-151.
In contrast, an inhibitory effect of osteogenic medium (Os+) on pERK1/2 expression was observed for layered coculture (Table 1) , whereas no further change occurred in the presence of melatonin. Because the layered coculture contains both osteoblasts and osteoclasts and that ERK1/2 plays an essential role in both osteoblastogenesis and osteoclastogenesis, 53 it was not possible to conclude whether this increase in ERK1/2 activity was solely attributed to osteoblasts. Mean protein levels were analyzed and compared between groups (Os−/Mel, Os+/Veh, Os+/Mel) and expressed as mean (±SEM). a = vs Os−/Mel, b = vs Os+/Veh, *P < .05, **P < .01 and ***P < .001; One-way ANOVA followed by Bonferroni's post hoc multiple comparison t test (n = 3 per group). Mean protein levels were analyzed, compared between groups (Os−/Mel, Os+/Veh, Os+/Mel), and expressed as mean (±SEM). a = vs Os−/Mel, b = vs Os+/Veh, *P < .05, **P < .01 and ***P < .001; one-way ANOVA followed by Bonferroni's post hoc multiple comparison t test (n = 3 per group).
T A B L E 1
Effect of melatonin on osteogenic and metabolic protein expression in osteoblasts and osteoclasts grown as layered cocultures. Cell lysates (containing both osteoblasts and osteoclasts) were prepared from layered cocultures following 21 d of
T A B L E 2
| MARIA et Al.
| Role of MT2 melatonin receptors, MEK1/2, and/or MEK5 on melatonin-mediated modulation of pERK5 in cocultures
The effect of melatonin on ERK5 was also evaluated because this kinase plays an essential role in osteoblast and osteoclast differentiation and proliferation [54] [55] [56] as shown in Figure 1 .
Figure 5B illustrates the effect of melatonin on ERK5 expression in transwell osteoblasts. Similar to pERK1/2, 4P-PDOT alone increased pERK5 expression; however, melatonin was without effect ( Figure 9B ). In layered cocultures (Table 1) , exposure to the osteogenic medium (Os+) decreased pERK5 activity; however, the addition of melatonin produced no further effect on pERK5 activity. In MSC monocultures (Table 2) , melatonin added in combination with osteogenic medium (Os+/Mel) increased the ratio of pERK5:tERK5 due to a decrease in total ERK5 levels. These findings demonstrate a strong influence of the osteoclast on ERK5 activity in osteoblasts. Melatonin added in combination with osteogenic medium (Os+/Mel) trended toward an increase in pERK5 in transwell osteoclasts (P = .07 vs Os+/Veh; data not shown).
F I G U R E 5
Effect of melatonin and inhibitors on ERK1/2, ERK5, RUNX2, integrin ß1, and NFκB expression in transwell osteoblasts.
After 21 d of melatonin transwell and inhibitor exposure, Western blot analysis was performed to determine the expression of (A) pERK1/2, (B) pERK5, (C) RUNX2, (D) INTEGRIN β1, (E) NFκB, respectively, in the osteoblasts grown in transwell coculture. Cell lysates were prepared separately from the bottom chamber (containing osteoblasts) and stored at −20°C until use. Protein levels were normalized against Os−/Mel or inhibitor (where indicated) following normalization against β-actin. Mean expression of expression levels was compared between groups (Os−/Mel, Os+/Veh, Os+/Mel). *P < .05, **P < .01, ***P < .001, and ****P < .0001; One-way ANOVA followed by Bonferroni's post hoc multiple comparison t test (n = 3 per group). Statistical interpretation: (A) Os+/4P-PDOT = ****P < .0001 vs Os+/Veh, Os+/Mel; Os+/M/4P-PDOT = **P < .01 vs Os+/Veh, Os+/Mel; Os+/PD98059 = **P < .01 vs Os+/Veh, Os+/Mel; Os+/M/PD98059 = **P < . 
MEK1/2, and/or MEK5 on melatonin-mediated modulation of RUNX2 expression in cocultures
As shown previously, melatonin induced osteoblast formation, and this was associated with increases in RUNX2. 21, 23 In this study and consistent with these past studies, melatonin increased RUNX2 expression in transwell osteoblasts ( Figure 5C ) beyond that induced by osteogenic medium containing vehicle (P < .01 vs Os+/Veh) ( Figure 9C ); in layered cocultures, however, this was not observed (Table 1) . In transwell osteoblasts, 4P-PDOT alone was without effect. The MEK5 inhibitor, BIX02189, alone increased RUNX2 expression vs OS+/Veh and OS+/Mel; however, the addition of melatonin to BIX02189 was without effect. Similar effects were observed for the SC-1-151. RUNX2 expression levels were not modulated by PD98059 alone; however, dramatic increases (~200% increase) in RUNX2 expression occurred when melatonin was combined with PD98059 suggesting some synergy between melatonin and MEK1/2. Figure 5D illustrates the effect of melatonin and the MEK1/2 and 5 inhibitors on integrin β1 expression in transwell osteoblasts. Integrin β1 plays a critical role in bone cell growth and activity by regulating the interaction between bone cells and the extracellular matrix. 57 As expected, no effect of OS+ alone or in combination with melatonin affected integrin β1 levels in transwell osteoblasts because no cellto-cell contact was made ( Figure 9D) ; however, in layered cocultures, integrin β1 levels increased in response to OS+/ Veh which decreased in the presence of melatonin (Table 1) . Except for 4-P-PDOT, which decreased integrin β1 levels, no other effects of the MEK1/2 or 5 inhibitors were observed ( Figure 5D ).
| Role of MT2 melatonin receptors, MEK1/2, and/or MEK5 on melatonin-mediated modulation of INTEGRIN β1 expression in cocultures
| Role of MT2 melatonin receptors, MEK1/2, and/or MEK5 on melatonin-mediated modulation of NFκB expression in cocultures
NFκB levels were assessed in both cocultures even though NFκB is an important regulator of osteoclastogenesis. 58, 59 As shown in Figure 5E , no effect of melatonin was observed on NFκB expression in transwell osteoblasts ( Figure 9E) ; however, melatonin decreased NFκB expression in layered cocultures (Table 1) . Alone, BIX02189 and SC-1-151 increased NFκB levels in transwell osteoblasts; however, increases in NFκB levels occurred when melatonin was combined with 4P-PDOT, BIX02189, or PD98059 in transwell osteoblasts ( Figure 5E ). Figure 6 illustrates the effect of melatonin on the expression of the metabolic proteins, PPARγ, GLUT4, and insulin Rß in transwell osteoblasts, due to their potential impact on bone cell differentiation and activity. [60] [61] [62] Exposure to melatonin in osteogenic media (Os+/Mel) significantly reduced PPARγ expression in both cocultures-transwell and layered ( Figure 6A , Table 1 and Figure 9F , respectively). In transwell osteoblasts, the addition of 4P-PDOT trended toward blocking melatonin's inhibitory effect on PPARγ. Except for SC-1-151, which increased PPARγ expression in transwell osteoblasts, no other effects of the inhibitors alone-MEK1/2 or MEK5-were observed. When coadministered with SC-1-151, melatonin trended toward a decrease in PPARγ expression ( Figure 6A ). Regarding GLUT4 expression, melatonin was without effect on its expression in transwell osteoblasts ( Figures 6B  and 9G) ; however, when added in combination with 4P-PDOT, BIX02189, or PD98959, GLUT4 levels increased. Both BIX02189 and SC-1-151 increased GLUT4 levels on their own in transwell osteoblasts. In layered cocultures, melatonin decreased GLUT4 expression (Table 1 ; Figure 9G ).
| Role of MT2 melatonin receptors, MEK1/2, and/or MEK5 on melatonin-mediated modulation of metabolic protein expression in cocultures
For insulin receptor ß, melatonin was without effect in either coculture ( Figure 6C , Table 2 and Figure 9H , respectively); however, when combined with BIX02189, PD98059, or SC-1-151, insulin receptor ß levels increased in transwell osteoblasts. Except for SC-1-151, which increased insulin receptor ß expression alone, no other effects of the inhibitors were observed ( Figure 6C ).
| Role of MT2 melatonin receptors on melatonin-mediated differentiation of AMSCs into osteoblasts
We next evaluated the effect of melatonin on MSC differentiation isolated from human adipocytes (ASCs). Similar to bone marrow-derived MSCs, melatonin induced the differentiation of ASCs into osteoblasts reflected by a nearly 4-fold increase in mineralization (P < .0001 vs Os+/Veh) ( Figure 7A ). The addition of the MT2 melatonin receptor antagonist, 4P-PDOT, blocked these effects of melatonin on osteoblast differentiation from ASCs. Supporting this finding was the detection of melatonin receptors using 2-[
125 I]-iodomelatonin, which were not changed in response to any of the treatments ( Figure 7B ).
F I G U R E 6 Effect of melatonin and inhibitors on metabolic proteins PPARγ, GLUT4, and insulin Rß in transwell osteoblasts. After 21 d of melatonin transwell and inhibitor exposure, Western blot analysis was performed to determine melatonin effects on (A) PPARγ, (B)
GLUT4, and (C) INSULIN Rß expression in transwell osteoblasts. Cell lysates were prepared separately from the bottom chamber (containing osteoblasts) and stored at −20°C until use. Protein levels were normalized against Os−/Mel or inhibitor (where indicated) following normalization against β-actin. Mean protein level in each coculture were analyzed and compared between groups (Os−/Mel, Os+/Veh, Os+/Mel). *P < .05, **P < .01, ***P < .001, and ****P < .0001; One-way ANOVA followed by Bonferroni's post hoc multiple comparison t test (n = 3 per group). Statistical interpretation: (A) Os+/Veh (BIX02189) = **P < .01 vs all; Os+/Mel (BIX02189) = ****P < .0001 vs all. (B) Os+/M/4P-PDOT = ****P < .0001 vs all; Os+/M/PD98059 = ****P < .0001 vs all; Os+/BIX02189 = **P < .01 vs all; Os+/M/BIX02189 = *** P < .001 vs all; Os+/SC1151 = ****P < .0001 vs all. (C) Os+/Veh (4P-PDOT) = *P < .05 vs Os+/Mel; Os+/M/PD98059 = ****P < .0001 vs all; Os+/SC1151 = ***P < .001 vs Os+/Veh, Os+/Mel; Os+/M/SC1151 = *P < .05 vs Os+/Veh
F I G U R E 7
Effect of melatonin on adipose-derived mesenchymal stem cell differentiation into osteoblasts and melatonin receptor expression.
Adipose-derived mesenchymal stem cells (ASCs) were exposed to melatonin (±4P-PDOT) for 8 d (A) or 14 d (B) to assess its effects on alizarin red staining (A) or melatonin receptor expression (B). Each bar represents the mean absorbance of alizarin red at 490 nm (n = 3 per group). ***P < .001 vs Os-/4PPDOT; ****P < .0001 vs all
| Effect of chronic melatonin exposure on osteogenic and metabolic protein expression in HER2/neu female mouse tibia
To determine whether the in vitro findings translated to in vivo, melatonin effects on osteogenic and metabolic proteins were examined in female mice. As demonstrated previously, melatonin (15 mg/L po in water) given nightly to HER2/neu transgenic female mice for one year increased bone mineral density (BMD) vs control, which was equal in efficacy to hormone therapy. 16 The mechanisms underlying these effects were unclear, and so the same proteins demonstrated to be modulated by melatonin in both the transwell and layered cocultures were also assessed in these bones. As shown in Figure 8 , melatonin modulated Opg:Rankl ratios uniquely dependent upon which Rankl fragment was being analyzed (ie, 37 kDa, 25 kDa or 24 kDa Rankl fragment). For example, in mice exposed to melatonin, levels of the 37 kDa Rankl fragment increased, whereas the 25 kDa Rankl fragment decreased. This decrease in the 25 kDa Rankl resulted in an increase in the Opg:Rankl (25 kDa) ratio in mouse bone, favoring osteogenesis. 44, 63 The increase in the 37 kDa Rankl fragment, when compared against Opg levels, did not affect the ratio of Opg:Rankl (37 kDa). Regarding pErk1/2, pErk5, and Runx2, melatonin induced their expression in mouse bone when compared to control bone; however, no change in NFκB, β1 integrin, Pparγ, Irβ, and Glut4 occurred-these mixed effects are similar to those observed for transwell osteoblasts and layered cocultures ( Figure 9 ).
| Effect of melatonin on subjectreported measures in perimenopausal women
The melatonin osteoporosis prevention study (MOPS) demonstrated previously that melatonin (3 mg) given nightly for 6 months renormalized bone marker turnover in healthy perimenopausal women. 17 Melatonin also increased BMD in postmenopausal osteopenic women in the MelaOst study. 18 It was also shown in the MOPS trial that melatonin improved the physical symptoms of menopause as revealed by the MENQOL and reduced menstrual cycling by increasing the time between cycles. 17 To identify which items melatonin improved, women were given daily diary logs. As shown in Figure 10A , melatonin treatment was found to improve mood in the perimenopausal women vs placebo (P = .009). Although not significant, a 6% decrease in menstrual complaints and a 1% decrease in sleep complaints also occurred. Further analysis of sleep quality revealed that sleep duration was not significantly different than placebo ( Figure 10Bi) ; however, interrupted sleep may have improved for some in the melatonin group where 8 of 13 (62%) women in the melatonin group showed a decrease in the number of times they got up in the middle of the night compared to placebo (2/5 or 60%) ( Figure 10B iii, iv). This is an important finding because although we block-randomized our participants as they enrolled in the MOPS, our melatonin cohort was older and reported having more vasomotor symptoms at baseline compared to placebo 17 ; this may also explain the higher number of sleep interruptions reported by women in the melatonin group vs placebo (Figure 10Bii ). These improvements in QOL in response to melatonin may result in improved patient compliance when taking melatonin to prevent bone loss in an aging population.
| DISCUSSION
Bone remodeling substitutes primary juvenile bones, as well as stress and age-related microfractured bones, with new, healthy, more mechanically competent bones to preserve mass, strength, integrity, and mineral homeostasis. 4, 64, 65 The complex relationship between osteoblasts and osteoclasts and their regulation of each other's activity during bone remodeling are still not clear but depend upon multiple modes of communication. Osteoblast and osteoclast communication can occur via direct cell-to-cell contact to allow interaction between membrane-bound ligands and initiation of intracellular signaling; via releasing diffusible paracrine factors such as growth factors, cytokines, chemokines, and other small molecules from either cell types to control each other's activities; or by forming gap junctions through which small molecules can pass between the two cells. 2, 3 The present study used MSCs as osteoblast precursor and PBMCs as osteoclast precursors-grown in contact or not in contact with each other-to represent the different intercellular communication pathways utilized by osteoblasts and osteoclasts as they move through different stages of differentiation. The findings from this study demonstrate that the mode of communication between osteoblasts and osteoclasts is important in regulating osteoclastogenesis in a "general sense" but particularly so for melatonin. For example, in both transwell and layered cocultures, melatonin induced the differentiation of osteoblasts; however, only in layered cocultures did melatonin inhibit osteoclast differentiation. Osteoblast contact with the osteoclast also modified OS+-mediated actions on osteoclastogenesis and proteins. Specifically, in layered cocultures but not transwells, OS+ media increased osteoclast differentiation reflected by significant increases in TRAP staining vs cultures grown in basal growth (OS−) medium.
This may be due to osteoblast-derived osteoclast inhibitory lectin (OCIL), a type II transmembrane C-type lectin that can suppress osteoclast differentiation 2, 66 or modulation of OPG and RANKL expression and secretion from the osteoblast. Regarding OPG and RANKL, osteogenic (OS+) medium alone was without effect on OPG or sOPG:sRANKL expression in either coculture-transwell or layered-but decreased sOPG:sRANKL levels in osteoblast monoculturesopposite to what occurred in the presence of melatonin. In the presence of melatonin, OPG levels were unchanged in transwell osteoblasts; they trended toward an increase in layered cocultures and significantly increased in monocultures exposed to melatonin. These increases in OPG in the osteoblast altered the ratio of secreted sOPG:sRANKL levels to favor osteoblastogenesis and, in layered cocultures, to inhibit osteoclastogenesis. The relative expression and release of OPG and RANKL from osteoblasts are a critical transition point for balancing bone mineralization by inhibiting osteoclastmediated bone resorption to allow for osteoblast-mediated bone formation. 44 Although melatonin-mediated induction of OPG in osteoblast monocultures has been shown, 11, 26 the presence of the osteoclast was essential in modulating melatonin's effect on OPG expression and release from the osteoblast. It is known that osteoblasts regulate osteoclast differentiation and activity via the OPG/RANKL/RANK pathway osteoblasts 45 ; however, it is not clear how osteoclasts can regulate osteoblasts and the production of OPG. Cellular fos and macrophage colony-stimulating factor may play a role as shown in knockout mice where the absence of osteoclasts leads to defective bone formation. 64, 65 Paracrine factors [eg, insulin-like growth factor (IGF) I and II, fibroblast growth factor (FGF), transforming growth factor (TGF) 1 and 2, bone morphogenetic proteins (BMPs) 2, 3, 4, 6, and F I G U R E 8 Effect of melatonin on osteoprotegerin and Rankl protein expression in Her2/neu female mouse bone. Effect of one-year nightly melatonin (15 mg/L) exposure on Opg (Aii, Bii, Cii), Rankl (37 kDa; Aiii), Rankl (25 kDa; Biii), Rankl (24 kDa; Ciii), and Opg:Rankl ratios for Opg:37 kDa Rankl (Ai), Opg:25 kDa Rankl (Bi), and Opg:24 kDa Rankl (Ci) protein expression in mouse tibia. All proteins were normalized against β-actin and then compared by unpaired two-tailed t test where significance was defined as follows: *P < .05, **P < .01, and ***P < .001. Each bar represents the mean ± SEM of 3-6 mice 7, and platelet-derived growth factor (PDGF)] embedded in the bone matrix and released following osteoclast-mediated bone resorption are other possibilities. In addition, the ephrin signaling pathway, which involves the interaction between osteoclast-derived ephrinB2 and osteoblast-derived EphB4, can initiate osteoblastogenesis and, in turn, suppress osteoclastogenesis when osteoclasts and osteoblasts contact one another 3, 64, 65 ; this may explain the differences between the transwell and layered cocultures with respect to melatonin's effects on osteoclastogenesis.
Modulation of ERK1/2 and ERK5 may have also contributed to the differential effects of melatonin on osteoclastogenesis between cocultures by increasing the state of osteoblast differentiation; mature osteoblasts produce OPG to negatively regulate osteoclastogenesis. ERK1/2 is one of the key regulatory pathways involved in osteoblast differentiation. [51] [52] [53] 67 Specific deletion of ERK1 and ERK2 in limb mesenchyme of mice results in low bone mineralization.
53 Dominant-negative mutants of MEK1 in mouse osteoblasts exhibit low clavicular and calvarial bone mass and hypomineralization, 51 which
F I G U R E 9
Comparison between in vitro and in vivo effects of melatonin on (A) pERK1/2, (B) pERK5, (C) RUNX2, (D) INTEGRIN β1, (E) NFκB, (F) PPARγ, (G) GLUT4 and (H) insulin receptor β expression. Effect of melatonin exposure on osteogenic and metabolic protein expression in transwell osteoblasts, layered osteoblast-osteoclast cocultures, and female mouse tibia. All proteins were normalized against β-actin and then compared by unpaired one-or two-tailed t test where significance was defined as follows: *P < .05, **P < .01, and ***P < .001. Each bar represents the mean ± SEM of 3-6 independent experiments | MARIA et Al.
F I G U R E 1 0
Effect of melatonin on quality of life in perimenopausal women using daily logs. (A) Melatonin effects on self-reported sleep quality, mood, menopausal symptoms, and general aches/pains in perimenopausal women. Total diary comments made by the participants in each group were stratified into four categories (ie, sleep, mood, menopausal symptoms, and general aches and pains) based on what was written in their diary logs as illustrated by the four segments in the pie diagram. Each category was substratified as positive (pink) or negative (green) comments. Each portion represents the percent of total comments made under each category. Diary comments were analyzed using two-tailed Fisher's exact test for two categorical outcomes where significance was defined as follows: *P < .05, **P < .01, and ***P < . can be restored following the introduction of constitutively active MEK1. 52 Regarding ERK5 in osteoblast physiology,
Kaneshiro et al. recently demonstrated that MEK5-ERK5 pathway suppresses osteoblast differentiation and promotes osteoblastic cell proliferation in pre-osteoblastic MC3T3-E1 and bone marrow stromal cells. 55 MEK5/ERK5 are also involved in fluid shear stress-mediated proliferation of osteoblasts. 54, 56 In cultures exposed to osteogenic (OS+) medium alone, pERK1/2 or pERK5 levels were not changed in transwell osteoblasts but were decreased in layered cocultures; this correlated with increases in both osteoblastogenesis and osteoclastogenesis. When examining the effect of melatonin on these kinases, pERK1/2 levels increased in transwell osteoblasts ( Figure 5A ) and monocultures 20, 21 but remained unchanged in layered cocultures (Table 1) . With respect to pERK5, levels were unaffected in both transwell and layered cocultures but increased in osteoblast monocultures. These findings suggest that melatonin-mediated increases in osteoblastogenesis and decreases in osteoclastogenesis are associated with high pERK1/2 and low pERK5-consistent with the role of these kinases and melatonin in osteoblasts and osteoclasts. 20, 21, [51] [52] [53] [54] [55] [56] 67 It should also be noted that the type of culturing condition-transwell vs layered-played significant roles in OS+-induced expression patterns of pERK1/2, pERK5, integrin β1, PPARγ, GLUT4, and INRβ when compared to growth (OS−) medium. For example, in transwell osteoblasts, OS+/V was without effect on pERK1/2, pERK5, integrin β1, PPARγ, and GLUT4 and decreased INRβ; however, in layered cocultures, levels of pERK1/2 and pERK5 decreased, levels of integrin β1, PPARγ, and GLUT4 increased, and INRβ was unchanged. These findings suggest that osteogenic and metabolic proteins cooperate and drive osteoblastogenesis and osteoclastogenesis when osteoblasts and osteoclasts, respectively, are in contact with one another. When comparing the influence of melatonin between cocultures, the most notable differences occurred with respect to pERK1/2, NFκB, and GLUT4; in transwell osteoblasts, melatonin induced pERK1/2 expression and was without effect on NFκB and GLUT4 while in layered cocultures, melatonin decreased NFκB and GLUT4 expression and was without effect on pERK1/2. These findings suggest that melatonin-mediated increases in osteoblastogenesis and decreases in osteoclastogenesis involve modulation of pERK1/2 pERK5, integrin β1, NFκB, and GLUT4, which is consistent with what has been reported for MEK5/ERK5, [54] [55] [56] GLUT4, 61 NFκB, 44, 58, [68] [69] [70] and integrin β1 matrix 57 in osteoblasts and osteoclasts.
The use of the transwell coculture model system, and particularly MSCs and PBMCs, allowed for us to more closely model osteoblastic and osteoclastic differentiation by assessing the effect of melatonin on immature rather than on mature cells. This model also allowed for the study of osteoblast/ osteoclast comodulation through the release of diffusible factors and enabled us to identify those proteins underlying melatonin-mediated osteoblastogenesis. As stated previously, melatonin added to transwell osteoblasts did not affect osteoclastogenesis and this held true for the inhibitors. Except for BIX02189 alone, which inhibited osteoclastogenesis, blockade of MT2 melatonin receptors, MEK1/2, or MEK5 in osteoblasts did not affect osteoclast differentiation even though they significantly inhibited osteoblastogenesis. These findings suggest that osteoblasts do not modulate osteoclast differentiation in a significant way by the release of paracrine factors in this model system but through direct contact.
MT2 melatonin receptors expressed in osteoblasts were essential for mediating melatonin's effects on F I G U R E 1 1 Proposed mechanisms underlying melatonin's actions on osteoblastogenesis and osteoclastogenesis. As shown, melatonin, via MT2 melatonin receptors, modulates osteoblastogenesis by coupling to both MEK1/2 and MEK5. Stimulation of MT2 melatonin receptors by melatonin in osteoblasts leads to activation of MEK5 resulting in increases in pERK5, RUNX2, NFκB, and GLUT4. MT2 melatonin receptor-mediated activation of MEK1/2 leads to increases in pERK1/2 and decreases in PPARγ, GLUT4, and IRβ. It is proposed that cross talk between MEK1/2 and MEK5 may occur where MEK5 negative regulates MEK1/2 only when both kinases are inhibited simultaneously. In MSCs, melatonin/MT2R-mediated decreases in PPARγ levels shift MSCs away from adipogenesis and toward osteogenesis. Following MSC differentiation into osteoblasts by melatonin, the mature osteoblasts begin secreting OPG to inhibit osteoclastogenesis from PBMCs osteoblastogenesis; this was true for osteoblasts differentiated from MSCs derived from bone marrow or adipose tissue. Chronic 21-day exposure to 4P-PDOT alone enhanced the expression of pERK1/2 and pERK5 and decreased the expression of beta 1 integrin vs OS+; however, these changes in the osteoblast in response to 4P-PDOT did not translate to changes in osteoblast differentiation as no significant increases in alizarin red staining occurred in response to 4P-PDOT vs OS+/Veh ( Figure 1A) . Coadministration of 4P-PDOT with melatonin, which blocked calcium mineralization, also decreased pERK1/2, further enhanced pERK5, and attenuated 4P-PDOT's inhibitory actions on integrin β1 suggesting that MT2 melatonin receptor-mediated modulation of pERK1/2, pERK5, and integrin β1 may underlie melatonin's effects on osteoblast differentiation ( Figure 1A ). These findings are consistent with previous in vitro studies, which show stimulatory roles of melatonin in osteoblast differentiation and mineralization from MSCs and pre-osteoblasts through MT2 melatonin receptors and MAPKs. 11, [19] [20] [21] [22] [23] For integrin β1, these effects of melatonin/MT2 melatonin receptors are new and may involve α1β1, α2β1, and α5β1-the most commonly expressed integrins in osteoblasts 71 that also play an important role in osteoblast organization on the bone surface during osteoid synthesis. 72 Our findings that melatonin treatment decreased integrin β1 expression in layered cocultures suggest that melatonin may work through an integrin-dependent mechanism when osteoblasts are in direct contact with osteoclasts during their differentiation process. The role of integrin in cell-cell and cell-matrix interactions between osteoblasts and osteoclasts via cytoskeletal organization is known to be a key requirement for bone cell proliferation, differentiation, migration, and apoptosis as well as skeletal development and homeostasis 57, [73] [74] [75] [76] [77] and may also involve αvβ3 and α2β1 integrins expressed in osteoclasts. 78, 79 The role of MEK1/2 and MEK5 was further supported in studies using selective inhibitors to MEK1/2 and MEK5 in combination with melatonin. Here, it was shown that PD98059, BIX02189, or SC-1-151 given simultaneously with melatonin at the outset of the treatments inhibited melatonininduced osteoblast differentiation suggesting the involvement of MEK1/2 and MEK5, respectively. Besides helping to identify the signaling cascades involved in melatonin-mediated effects on osteoblast differentiation, the use of these inhibitors helped to tease out the complicated relationships that exist between MEK1/2 and MEK5 and the proteins that lay downstream from them. With respect to comodulation of each other, inhibition of either kinase separately (ie, PD98059 effects on MEK5 and BIX02189 effects on MEK1/2) produced no cross talk between kinases; however, both inhibitors alone upregulated their own kinase activity-PD98059 increased pERK1/2 expression and BIX02189 increased pERK5 expression, which may be due to a compensatory increase in their activity due to chronic blockade. When both kinases were inhibited at the same time, however, using SC-1-151 (MEK1/2/5 inhibitor), only pERK5 increased; no effect occurred on pERK1/2. These findings suggest that cross talk between MEK5 and MEK1/2 may have occurred whereby simultaneous inhibition of both kinases leads to a MEK5 dominant effect, which was also observed for RUNX2, NFκB, and GLUT4 in the presence of SC-1-151. This result and the fact that BIX20189 but not PD98059 exposure led to increases in ERK5, RUNX2, NFκB, and GLUT4 also suggest that RUNX2, NFκB, and perhaps GLUT4 lay downstream of ERK5. For GLUT4, though, these relationships were not so clear as GLUT4 expression can be modulated by PPARγ, 80, 81 which appears to also lie downstream from MEK/ERK1/2 in this model (Figure 11) .
Chronic exposure to the MEK1/2 inhibitor, PD98059, increased pERK1/2 (vs OS+/Veh) which was inhibited in the presence of melatonin (even below that of OS+/Veh). Interestingly, although OS+/Veh, OS+/Mel, and OS+/ PD98059 alone were without effect on NFκB, GLUT4, and IRβ expression, melatonin added in combination with the MEK1/2 inhibitor, PD98059, substantially increased their expression; this pattern of expression was also associated with decreased alizarin red staining. These data suggest that low ERK1/2, high NFκB, GLUT4, and IRβ were associated with low osteoblast differentiation and calcium mineralization. For RUNX2, melatonin alone increased its expression, which was further enhanced when MEK1/2 was inhibited. These findings suggest that MEK1/2 is negatively coupled to RUNX2.
The dual MEK1/2 and MEK5 inhibitor further confirmed these relationships as blockade of both MEK1/2 and MEK5 by SC-1-151 alone increased pERK5, RUNX2, NFκB, PPARγ, GLUT4, and IRβ. For ERK5, RUNX2, NFκB, and GLUT4, these effects of SC-1-151 mirrored those induced by BIX02189 alone (compare BIX02189 alone to SC-1-151) again, suggesting that RUNX2, NFκB, and GLUT4 are positively coupled to MEK5/ERK5. For PPARγ and IRβ, these proteins are likely to be negatively coupled to MEK/ERK1/2 due to the fact that their patterns of expression did not mirror that induced by BIX02189 exposure alone and also that their levels increased when exposed to PD98059 and melatonin.
In the MelaOst study, it was observed that postmenopausal women with osteopenia who consumed melatonin for one year not only had an improvement in bone density 18 but also had a reduction in total fat mass and a trend toward an increase in lean body mass. 82 These findings suggested that melatonin may be producing effects on metabolic proteins such as PPARγ, GLUT4, and INRB in osteoblasts. High levels of PPARγ switches the fate of MSCs toward adipogenesis at the expense of osteoblastogenesis and stimulates RANKL production contributing to bone loss by increasing the fat content in bone marrow and by increasing osteoclast activity 60, 83 ; whereas low PPARγ levels increase bone mass by enhancing osteoblastogenesis. 60, 62, 84 In this study, the metabolic protein, PPARγ, was modulated by the various treatments in a manner that was consistent with its reported role in osteoblast differentiation 60, 62, 84 ; that is, when calcium mineralization was high (ie, in the presence of melatonin), PPARγ levels were low, and when calcium mineralization was low (ie, in the presence of melatonin plus inhibitors), PPARγ expression was high. These findings suggest that melatonin, by decreasing PPARγ in MSCs, moves MSCs down an osteogenic rather than adipogenic pathway forming osteoblasts rather than adipocytes-a PPARγ insufficiency has been shown to enhance osteoblastogenesis leading to increases in bone mass. 23, 60, 62, 84 This is supported in other studies showing that melatonin directly inhibits adipogenic differentiation of hMSCs and mMSCs by suppressing PPARγ expression in favor of osteoblastogenesis. 23, 85 This may occur through PPARγ-mediated regulation of the GLUT4 expression in cells (eg, adipocytes and osteoclasts) modulating their states of viability through energetics. Support for this comes from studies demonstrating that PPARγ agonists such as rosiglitazone and pioglitazone enhance GLUT4 mRNA in muscle tissue, whereas a loss in PPARγ decreases GLUT1 and GLUT4 function in adipocytes. 80, 81 GLUT4 mRNA levels increase during osteoblast differentiation. 61 Melatonin decreased GLUT4 expression in the layered cocultures, and this correlated with PPARγ and NFκB expression. Perhaps the proximity and actual contact of MSCs with PBMCs during the differentiation process enhanced the inhibitory effects of melatonin on osteoclastogenesis by downregulating NFκB and lowering energetics within osteoclasts. These areas will be pursued in the future. The effect of melatonin on these same proteins was also examined in vivo using a preclinical mouse model exposed to melatonin (15 mg/L) nightly for one year; this dose is equivalent to ~5 mg melatonin in humans. As already reported, tibia bone density increased in mice ingesting melatonin in their drinking water compared to control, which was equal in efficacy to a therapeutically relevant estrogen/progesterone hormone therapy given for one year in food. 16 The patterns of modulation of Opg, Rankl, pErk1/2, Erk5, Runx2, and Pparγ in melatonin-exposed bone are consistent with melatonininduced effects on osteoblast differentiation in vitro and provide important mechanistic information to explain the increases in bone density observed in melatonin-treated bone. 16 The other interesting observation that came out of the bone analyses was the differential effect of melatonin on the 24 kDa, 25 kDa, and 37 kDa Rankl proteins where melatonin decreased the 25 kDa Rankl fragment, increased the mature 37 kDa Rankl protein, and was without effect on the 24 kDa fragment. The decrease in the smaller 25 kDa Rankl fragment and increase in the 37 kDa protein may reflect a melatonin inhibitory effect on ectodomain shedding of membranebound Rankl via the action of matrix metalloproteases 3 and 7 and ADAM 17 (or TACE) and 19. 63,68 This may explain the melatonin-mediated decreases in sRANKL that occurred in layered cocultures and provide a mechanism underlying melatonin's inhibitory effect on osteoclastogenesis that was observed only in the layered cocultures. The significance of the clinical findings obtained from the MOPS daily diaries demonstrates that melatonin primarily improved subject-reported mood, menopausal symptoms (eg, vasomotor symptoms and bloating), and sleep quality (mostly on frequency of getting up in the middle of the night)-these findings provide context to the MOPS findings showing a significant improvement in MENQOL physical domain scores in perimenopausal women taking melatonin 17 and describe other benefits of melatonin on bone health. Significant relationships between depression, bone mineral density, and cortisol levels have been reported where depressed patients were shown to have higher cortisol levels and lower bone mineral density compared to placebo controls. 35, 36 Also, lifestyle that includes sleep disruption through shift work, 16, 17, 27, [86] [87] [88] [89] sleep deprivation, [37] [38] [39] [40] physical strength, 90 weight gain, 91 and stress levels 41 can adversely affect bone. Besides improving compliance, the positive effect of melatonin on mood and sleep may show benefits to bone by reducing cortisol levels and re-entraining sleep/wake cycles to coincide with the light/ dark cycle and natural bone rhythms. A realignment of sleep cycles with melatonin and bone rhythms may help to maintain and restore bone through effects on osteoblasts; this is supported in a recent study demonstrating decreases in P1NP levels but not CTx levels in sleep-deprived males. 37 In summary, this translational study describes novel mechanisms underlying melatonin's effects on osteoblastogenesis and osteoclastogenesis that include MT2 melatonin receptors, MEK1/2, and MEK5. These findings that inhibition of MEK1/2 alone, MEK5 alone, or both early on in immature, undifferentiated MSCs completely inhibited melatonin's effects on osteoblast differentiation demonstrate that these pathways are essential. The findings that melatonin modulation of PPARγ may be the switch for MSCs to move down osteogenesis rather than adipogenesis and may explain the findings by Amstrup et al. 18 demonstrating that postmenopausal women with osteopenia who took melatonin not only showed improvements in bone density but also had reductions in total fat mass and a trend toward increases in lean body mass. 82 Melatonin's effects on OPG and RANKL and
RANKL fragments also open up novel areas for research especially in the role of MMPs and ADAMs in mediating melatonin's effects on osteoclastogenesis. The bone-protective effects of melatonin through regulation of osteoblasts and osteoclasts coupled with subjective improvements in mood and sleep make melatonin and, perhaps, MT2 melatonin receptor agonists attractive alternatives to prevent and/or treat bone loss in an aging population.
